In this study, a photocatalytic plate bound to highly dispersible silica-doped titanium dioxide (SiT) on a trimethoxysilylpropyldiethylenetriamine (dien)-coated glass plate (dien-plate) was newly synthesized, and was evaluated by a flow analytical (FA) system, which consists of a photocatalytic reactor and a spectrophotometer, to continuously monitor the absorbance of tested chemicals. The method was not required to collect any sample solution at a constant period. The SiT-dien-plate facilitated the photodecomposition of methylene blue (MB) and indigo carmine (InC) in aqueous solutions. Notably, MB was quantitatively photo-decomposed following 18 h of UV-light irradiation, related to the electrostatic adsorption of surface-bound particles. A water-treatment ability of visible-light-responsive vanadium-modified nitrogen/ silica co-doped titanium dioxide fixed on the dien-plate was also evaluated by the FA system. It clarified to decompose MB and InC under visible-light irradiation. Finally, the decomposition of a humic substance dissolved from Middle West China peaty soils by the SiT-dien-plate under UV-irradiation was assessed as applying the FA system with a photocatalytic plate.
Introduction
During the past two decades, photocatalysts have emerged as promising candidates for applications in environmental cleanup. In particular, titanium dioxide (TiO2)-based photocatalysts have been used for the removal and decomposition of organic pollutants in air and water.
1,2 Such photocatalysts decompose persistent organic compounds under relatively mild conditions using only ultraviolet (UV) irradiation, making them attractive in the development of environmental purification systems.
Practical water purification systems require the immobilization of photocatalysts on a solid substrate for recyclability. Existing photocatalyst immobilization techniques include sol-gel processing, 3, 4 sputtering, 5, 6 and a hydrothermal method. 7 Sol-gel processing, the most convenient method, requires a calcination step to deposit the photocatalyst on the substrate, which limits the types of viable substrates to those displaying high thermal resistance, such as silica glass beads. Although sputtering has effectively produced homogeneous photocatalyst films, it requires the use of a dedicated device to sputter the photocatalyst. The hydrothermal method is conveniently applicable to a variety of substrates, but particle-substrate interactions promote aggregation and impede uniform particle deposition. Photocatalytic coating materials that respond to visible-light are needed to expand the scope of applications. In general, the synthesis of visible-light-responsive TiO2 photocatalysts involves ionized nitrogen and argon doping of photocatalystcoated membranes using a sophisticated ion-imprinting equipment. 8, 9 Recently, a one-step procedure based on sol-gel processing, 10 sputtering, 11 and sonochemistry 12 was shown to form visible-light-responsive photocatalytic films. However, this approach also involves a calcination step, which restricts its implementation to heat-resistant materials.
To address the limitations of current photocatalyst immobilization techniques, a simple and stable calcination-free photocatalytic coating method was developed using electrostatic interactions with the cationic silane coupling reagent trimethoxysilylpropyldiethylenetriamine (dien) as a spacer. In this approach, highly dispersible silica-doped TiO2 (SiT) photocatalyst particles 13 were uniformly deposited onto dienfunctionalized glass plates (dien-plate) in an aqueous solution. The zeta potential of SiT exhibited an isoelectric point (pIs) at 4.0, while that of anatase TiO2 is 6.1. The increased negative zeta potential of SiT induces electrostatic dispersion in neutral and basic solutions.also applied to a visible-light-responsive vanadium-modified nitrogen/silica co-doped TiO2 (VNSiT) photocatalyst, which exhibits a higher negative charge than does SiT.
Following characterization of the prepared photocatalytic plates, their water-treatment abilities were evaluated by monitoring the photodecomposition of methylene blue (MB) and indigo carmine (InC), basic and acidic dyes, respectively. These dyes have often been utilized to assess synthetic photocatalysts [17] [18] [19] [20] under UV and visible-light irradiation. In the evaluation of quality test for the water treatment of photocatalysts and the materials, the photocatalytic reactor and the analytical devise were usually separated. Thus, samplings at a constant period during the reaction consume the solution in the reactor, and often caused the analytical errors due to contamination of the sample.
To evaluate the photocatalyst-coated plates, we equipped the flow analytical (FA) system with an online-combined photocatalytic reactor and a spectrophotometer. This system can continuously monitor the absorbance of analytes in the tested solution circulating in the reactor without consumption of the solution, owing to sampling. Finally, the system with the SiT-dien-plate gauged the decomposition of humic substances from Middle West China peaty soils extracted using water.
Experimental

Preparation and characterization of photocatalysts
A typical anatase-type TiO2 photocatalyst ST01 was purchased from Ishihara Sangyo Kaisha Ltd. (Osaka, Japan). SiT was prepared by doping TiO2 with silicate. The weight ratios of Si to Ti and N to Ti were 0.2 and 0.0066, respectively. Visible light-responsive VNSiT was synthesized by successively doping SiT with nitrogen and vanadium according to previously reported methods by Iwamoto et al. 13 and Ozaki et al. [21] [22] [23] VNSiT had a V:Ti weight ratio of 0.005 based on a previous study. 14 The characterization of SiT and VNSiT is described in the Supporting Information (see Figs. S1, S2, and Table S1 ).
Preparation of photocatalyst-coated plates with and without silane coupling reagent
A borosilicate glass plate (50 × 35 × 2 mm; Sekiya Rika Co., Ltd., Tokyo, Japan) was dipped in a 2.5 mol L -1 NaOH solution for 2 h at 80 C, and was ultrasonically washed with water for 10 min. Next, the plate was dipped in 1.0 mol L -1 HCl for 30 min at 80 C, ultrasonically washed with water for 10 min, and dried at 40 -50 C for 3 h in a drying oven (DX402, Yamato Scientific Co., Ltd., Tokyo, Japan). The glass plate was dipped into a mixture of dien (10 mL), acetic acid (5 mL), and distilleddeionized water (50 mL) for 24 h at 60 C and dried at 110 C for 1 h in a drying oven. The dien-coated glass plate (dien-plate) was dipped into a 0.2 wt% photocatalyst suspension in water for 3 h at room temperature, and was subsequently dried at 100 C for 1 h. The procedures used to form the photocatalyst-diencoated glass plates are illustrated in Scheme 1.
To assess the durability of the photocatalyst-dien-plates, photocatalyst-coated glass plates without the silane-coupling reagent (photocatalyst-plate) were also prepared by dipping the base/acid etched glass plates into a 0.2 wt% photocatalyst powder suspension for 3 h at room temperature.
Characterization of photocatalyst-dien-plates
The amounts of the photocatalyst deposited on the glass plates were estimated using a JASCO V-650 spectrophotometer (JASCO, Tokyo, Japan) equipped with an integrating sphere unit. The crystalline phases were identified by X-ray diffraction (XRD) using an RINT2200VF apparatus (Rigaku, Japan) with CuKα radiation. The surface states of the plates were investigated by scanning electron microscopy coupled with energy-dispersive X-ray fluorescence spectroscopy (SEM-EDX) using a Hitachi S-3000N and EX-200K instrument (Ibaraki, Japan). The weights of the photocatalysts deposited on the glass plate and the dien-coated glass plate were quantified using a CPA225D semi-micro analytical electronic balance (Sartorius Inc., Germany).
Evaluation of photocatalyst-dien-plates in aqueous solutions
The water-treatment abilities of the photocatalytic plates were evaluated by measuring the changes in the absorbance of MB and InC as a function of the irradiation time. While ST01-dien and SiT-dien-coated glass plates (ST01-and SiT-dien-plates) were used for the MB and InC decomposition reactions in aqueous solutions under UV irradiation, the VNSiT-dien-coated glass plate (VNSiT-dien-plate) was utilized to evaluate the photodecompositions under visible-light irradiation.
The photodecompositions of MB and InC were conducted in an FA system ( Fig. 1 ) consisting of the homemade reactor (115 × 80 × 20 mm) and a spectrophotometer (S-3250, Soma Optics Co., Ltd., Japan). During the tests, 5 mg L -1 MB or 20 mg L -1 InC test solutions (50 mL) were poured into the homemade reactor and circulated at a flow rate of 1.6 mL min -1 using a peristaltic pump. The flow rate was chosen so that we could obtain reproducible circulation of a tested solution using the pump.
The adsorptions of the analyte dyes on the plates were initially determined for 2 h in the dark, and the photodecompositions Scheme 1 Preparation of photocatalyst-dien-coated glass plates.
were continuously monitored as a function of UV irradiation for 18 h using a LogStick LS200-V voltage data logger (Osaka Micro Computer. Inc., Osaka, Japan).
The monitoring wavelengths were 660 and 610 nm for MB and InC, respectively. The proposed system could continuously determine the changes in the absorbance of organic compounds without sampling, that is, without consumption of the solution.
Furthermore, before and after photoirradiation, the change in total organic carbon (TOC) was measured so as to confirm the photodecomposition-induced mineralization of MB and InC using a TOC-UVA analyzer (Kyoritsu Chemical-Check Lab., Corp., Tokyo, Japan). 24 The analyzer presented a linear range of between 3.0 and 30 mg L -1 and a limit of quantification of 3.0 mg L -1 for TOC measurements. In these experiments, two UV lamps emitting at 352 nm (National-FL20S-BLB lamp, Matsushita Electric Industrial Co., Ltd., Osaka, Japan) were arranged in parallel to generate a light irradiance of 2.0 mW cm -2 . The photodecompositions of MB and InC using the photocatalytic plates were also carried out under visible-light irradiation. The visible-light responsiveness of the VNSiT-dienplate in aqueous media was tested by irradiating the reactor with 96 blue light-emitting diodes (LEDs, NSPB510S, Nichia) emitting between 420 and 520 nm (4 panels equipped with 24 LEDs each, Fig. S3 (Supporting Information)) for a light irradiance of 42 mW cm -2 . Adsorption tests were conducted in the dark for 5 h for MB and for 1 h for InC. The decomposition of MB and InC were evaluated for 24 h. With the exception of the different irradiation wavelengths, the experimental conditions and measurement methods were found to be the same as those described above.
Application to photodecomposition of humic substances
The ability of the photocatalytic plate to decompose dissolved humic substances isolated from peaty soils (Uighur, Middle West China) was evaluated. The sample (Asahi Kogyou, Inc., Japan) was magnetically stirred for 1 d and filtered using a 0.45 μm-membrane filter to remove any solid materials. The initial TOC and pH were 15 mg L -1 and 6.1, respectively. The humic substances in water (50 mL) were circulated at a flow rate of 1.6 mL min -1 in the FA system (Fig. 1) . The changes in the absorbance at 254 nm (UV254) were continuously monitored by the flow system as a function of the reaction time. Adsorption tests were conducted in the dark for 5 h on the SiT-dien-plate, and the photodecomposition test was performed for 18 h under UV irradiation.
Results and Discussion
Characterization of photocatalyst-dien-plates
First, the weights of deposited photocatalysts and UV-visible absorbance spectra were determined for each of the photocatalyst-dien-plates. Figure 2 compares the weights of the photocatalysts on the dien-plates to those on uncoated glass plates. The weight of ST01 was 1.2-times larger on the dienplate than that on the uncoated glass, indicating that the effect of the dien coating was small. In contrast, the weights of SiT and VNSiT were 5.6 and 7.8-times higher, respectively, on the dienplates than on the uncoated glass plates. These results may stem from the surface charges of the photocatalysts deposited on the dien-plates.
SEM images revealed that SiT and VNSiT were more uniformly spread on the dien-plate surfaces than on ST01 (Fig. 3) . The thicknesses of SiT and VNSiT ranged from 1 to 3 nm on the dien-plates (Figs. 3B-2 and 3C-2), while that of ST01 exceeded 3 nm (Fig. 3A-2) .
The transmission spectra of the prepared photocatalyst-dienplates were obtained by UV-visible absorption spectrometry. The transmissions of the photocatalyst-dien-plates ranged from 300 to 450 nm (Fig. S4, Supporting Information) . The VNSiTdien-plate exhibited the lowest transmission, consistent with its high visible-light responsiveness.
Adsorbed ST01, SiT, and VNSiT were retained on the diencoated glass plates after passing water (50 mL) at a flow rate of 1.6 mL min -1 for 24 h, but were removed from their uncoated counterparts. The amounts of deposited photocatalyst may be related to the uniform SiT and VNSiT coatings on the entire glass plate surface resulting from the high dispersibility of the particles in solution compared with that of ST01 particles, which partially aggregated on the glass plate.
In contrast, after circulating 50 mL of water for 24 h, the photocatalyst-dien-plates showed XRD peaks corresponding to anatase TiO2 (Fig. S5 , Supporting Information), indicating that photocatalyst deposition on the dien-plates did not alter the crystalline states. ST01, SiT, and VNSiT displayed pI values of 6.0, 4.0, and 3.0, respectively, from a zeta potential measurements (see Fig. S2a , Supporting Information). Although the analytical instrument could not provide actual pI values, these results were assumed to be parallel to the pI values of the photocatalysts deposited on the dien-plates. Therefore, the negatively charged SiT and VNSiT particles were more strongly attracted to the positively charged dien, as compared to ST01 particles.
Photocatalytic activity of SiT-dien-plate under UV irradiation
Changes in the concentrations of MB and InC on the ST01-dien-and SiT-dien-plates were investigated as a function of the UV irradiation time.
Prior to the photoactivity tests, we carried out blank tests, in which we monitored any changes in the absorption of MB and InC in the reactor without a photocatalytic plate, under dark conditions for 2 h and UV irradiation for 18 h. The decreased rates to the initial concentrations of MB and InC in the blank test were 13 and 17%, respectively (Figs. 4a and 4b) .
Next, in the presence of a photocatalytic plate in the reactor, the adsorption experiments in the dark for 2 h showed that the SiT-dien-plate adsorbed 5.7% of the initial amount of MB (Fig. 4a) , owing to weak electrostatic attractions between MB and SiT on the plate. After UV irradiation for 18 h, the SiTdien-plate quantitatively decomposed MB, while the ST01-dienplate led to approximately 60% MB decomposition, suggesting that the electrostatic attractions between the SiT-dien-plate and MB were important for photodecomposition. Furthermore, the TOC (3.6 mg L -1 ) in the test solution following UV irradiation was the same as that prior to irradiation, regardless of the photocatalyst, indicating that the organic transformation products generated from the decomposition of MB were not further mineralized. This was consistent with several studies, which reported that the mineralization of MB was difficult using common TiO2 photocatalysts under UV irradiation. 25, 26 Changes in the concentration of InC on ST01-dien-and SiTdien-plates were also monitored as a function of the UV irradiation time.
As shown in Fig. 4b , although neither plate exhibited InC adsorption in the dark after 2 h (mainly because of electrostatic repulsion between negatively charged functional groups (-SO3 -) in InC), complete decomposition of InC was achieved under UV irradiation for 10 and 14 h, respectively.
Furthermore, the TOC in the test solution (6.0 mg L -1 ) did not change on the ST01-dien-plate (6.0 mg L -1 ), but decreased to 3.1 mg L -1 on the SiT-dien-plate after 18 h of UV irradiation, demonstrating that the organic transformation products generated by the decomposition of InC were further decomposed and mineralized on the SiT-dien-plate.
The photocatalytic decomposition of MB basically consisted of demethylation involving MB, azure B, azure A, and azure C. 25, 26 On the other hand, indigo, 2-nitro benzaldehyde, anthranilic acid, 2-nitro benzoic acid, and nitro benzene have been observed in the photocatalytic decomposition of InC. 27 Continuous monitoring of their intermediates will be next subject for our study of the flow evaluation system.
Photocatalytic activity of VNSiT-dien-plate under visible-light irradiation
The photodecompositions of MB and InC on the VNSiT-dienplate under visible-light irradiation were evaluated using the FA system.
In a blank test without any photocatalytic plates in the reactor prior to the experiments, changes in the absorption of MB and InC were not observed upon irradiating visible-light only.
In the presence of VNSiT-dien, as shown in Fig. 5 , MB and InC were not completely decomposed on the VNSiT-dien-plate after visible-light irradiation for 24 h. The photocatalytic glass adsorbed 18% MB in the dark, and photo-decomposed 70% InC and 83% MB. Additionally, no changes in the TOC were observed upon exposure to visible-light on the VNSiT-dienplate.
Photodecomposition rate constants
To understand the reaction kinetics of the decomposition of MB and InC on the ST01-dien-and SiT-dien-plates under UV irradiation and on the VNSiT-dien-plate under visible-light irradiation, the photodecomposition rate constants (k) for an apparent pseudo-first-order model were calculated using ln (C/C0) = kt + a,
where C is the concentration of the solute remaining in solution for an irradiation time of t, C0 is the initial concentration (t = 0), and a is the intercept. The k values were estimated by linearly fitting plots of ln (C/C0) as a function of t. SiT-dien-coated glass, which exhibited highly dispersed photocatalysts and a negative charge at neutral pH, displayed a rate constant that was 2.8-times higher than that of the ST01-dien-plate for the decomposition of positively charged MB under UV irradiation. The linear fits, correlation coefficients (r 2 ), half-life time (t1/2) and k are summarized in Table 1 . The photocatalytic plate prepared under mild conditions (non-calcination) facilitated the decomposition of MB under a lower light intensity, as compared to those of typical materials prepared with calcination (Table S2 , Supporting Information). 28, 29 The electrostatic adsorption of cationic dyes in the dark may contribute to the effective photodecomposition under light irradiation. The experimental results also suggested that the SiT-dien-plate may be useful for the decomposition of acidic InC. Although InC did not adsorb on the photocatalytic plate in the dark, OH radicals generated from the plate surface may effectively induce the desulfonation of InC. The k value for the decomposition of InC was lower for the SiT-dien-plate than for the ST01-dien-plate, even though the decomposition rate was higher than that for MB. This may originate from electrostatic repulsion between the negatively charged SiT-dien-plate and InC.
The photodecomposition rate constants on the VNSiT-dienplate under visible-light irradiation decreased in the following order: MB (k = 0.0673) > InC (k = 0.0502) ( Table 2 ). The plate did not facilitate the decomposition of MB as efficiently as did some other visible-light-responsive photocatalytic materials (Table S3 , Supporting Information), 30, 31 primarily because MB strongly adsorbed on the VNSiT-dien-plate, which reduced the photoactivity under visible-light irradiation. This implies that the valence between the adsorptivity and the photoactivity of photocatalysts towards target species is important in highly efficient water-treatment systems.
Photodecomposition of humic substances under UV-irradiation
The photocatalytic plates were used in the treatment of humic substances in waste water. In this case, to estimate the changes in the concentration of humic substances as a function of the reaction time, the absorbance at 254 nm (UV254), which is commonly used as an indicator of aromatic compounds in water, was continuously monitored by the FA system. The TOC values were analyzed by a TOC analyzer. Only in this case was 10 mL of the sample solution collected during the reaction time (5, 14 and 23 h) to compare with changes in the UV254. The SiT-dienplate was employed as the test plate under UV-irradiation.
As shown in Fig. 6 , UV254 of the sample solution decreased by about 2% after 5 h in the dark, and the UV254 and TOC after 18 h of UV irradiation decreased by 75 and 48%, respectively. The k value, calculated using Eq. (1) for the UV254 values, amounted to 0.083 for the SiT-dien-plate under UV irradiation, suggesting that the waste-water treatment performance of the photocatalytic materials was less than their ability to decompose MB and InC standard solutions, potentially owing to influences from matrices coexisting in the waste-water sample, though it cannot be confirmed at this stage.
Conclusions
In this study, a photocatalyst-dien-plate was evaluated for applications in water treatment by the continuous monitoring of the flow analytical system without consumption of the test solution. The highly dispersible SiT particles facilitated stable photodecompositions regardless of the reactant charge under both UV and visible-light irradiations. The plates decomposed a cationic dye (MB) and anionic dye (InC), and the efficiencies were enhanced by electrostatic adsorption of cationic species. In the photodecomposition of dissolved humic substances, the k value obtained from the UV254 values on the SiT-dien-plate under UV irradiation was lower than its ability to decompose MB and InC standard solutions. As the next stage, the system will be applied to the treatment of practical water samples, as well as to evaluate novel phocatalytic materials developed.
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